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Next-generation oscillation experiments can answer fundamental questions 
about the neutrino mass ordering, size of leptonic CP violation, and more

The precision era of     physicsν

Discovering new physics with       experiments requires control of all the 
Standard Model physics in the detector

⌫
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Exclusive         cross-sections required for event-by-event reconstruction of 
incident neutrino energy

⌫A
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Measured Goal

Acciarri et al (DUNE) arXiv 1512.06148

    cross-section⌫A
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Challenges of 

τnn ≳ 1.8 × 108

τnn

Neutrino-argon cross-sections with few 
percent-level accuracy required to 
achieve design sensitivity to CP 
violation at DUNE

✐ J.A. Formaggio and G.P. Zeller, RMP 84 (2012) 

DUNE

νA

Acciarri et al (DUNE) arXiv 1512.06148

Accelerator neutrino flux covers a wide 
range of energies with different 
dominant physics processes: 

• Quasi-elastic 

• Resonance production 

• Transition region 

• Deep inelastic scattering

Adapted from Formaggio, Zeller, Rev. Mod. Phys. 84 (2012)
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LQCD and

τnn ≳ 1.8 × 108

τnn

νA

Incorporating all constraints on         from experiment and LQCD in neutrino 
Monte Carlo event generators is critical

⌫A
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Factorization of leptonic and hadronic parts 
allows easier verification of nuclear models 
(e.g. vs electron scattering, where generator 
progress is still needed) and searches for 
novel new physics signatures

A coordinated framework of modular event 
generator components would simplify 
comparing and understanding systematic 
uncertainties of generators Ankowski, Friedland PRD 102 (2020)



Lattice QCD and νA

Nucleon form 
factors transition form factors

N, ⇡, �
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Multi-nucleon 
currents

Nucleon / nuclear 
PDFs

LQCD can provide accurate constraints on          scattering across energies⌫A
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See USQCD         white paper: Kronfeld et al Eur. Phys. J. A 55 (2019)⌫A

<latexit sha1_base64="OAaBBsp/AE7daiKJTOB6dRHnYn8=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS0WXVjcsK9gFNKJPppB06mYSZiVBD8VfcuFDErf/hzr9xmmahrQcuHM65d+7cEyScKe0439bS8srq2nppo7y5tb2za+/tt1ScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjG6mfvuBSsVica/HCfUjPBAsZARrI/Xsw8zLH8kCntIJ8kSKriY9u+JUnRxokbgFqUCBRs/+8voxSSMqNOFYqa7rJNrPsNSMcDope6miCSYjPKBdQwWOqPKzfPEEnRilj8JYmhIa5erviQxHSo2jwHRGWA/VvDcV//O6qQ4v/YyJJNVUkNmiMOVIx2gaBeozSYnmY0Mwkcz8FZEhlphoE1jZhODOn7xIWmdVt1Y9v6tV6tdFHCU4gmM4BRcuoA630IAmEHiEZ3iFN+vJerHerY9Z65JVzBzAH1ifP5SClU4=</latexit>



Lattice QCD and νA



Nucleon form factors
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          scattering amplitudes factorize into leptonic and hadronic parts⌫A
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Nucleon vector and axial form factors are key inputs to nuclear EFTs / models

Single-nucleon currents dominate at low energies where nucleons are effective degrees 
of freedom for nuclei, multi-nucleon currents provide corrections

hN(p0)|Aµ(q)|N(p)i = u(p0)
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Vector form factors measured in electron scattering, axial form factors less constrained



Nucleon form factors
Calculations of vector current form factors performed at physical quark masses:

Recent axial form factors studies demonstrated the importance of         excited-state 
effects in achieving controlled systematic uncertainties

Jang et al [PNDME], 
PRD 101, 014507 (2020)

Jang et al [PNDME],  
PoS LATTICE 2019

N⇡
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Nucleon form factors

Nucleon form factors also directly accessible without 
nuclear uncertainties in experiments using 
elementary targets

Neutrino scattering with hydrogen and deuterium 
provides clean environment for measuring 
nucleon form factors and simplest nuclear effects

Options include solid H target (straw tube tracker), 
liquid-          bubble chamber, and high-pressure 
gas TPC (H mixture, He, …) at DUNE near 
detector

H2/D2
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15-Foot Bubble Chamber at 
Fermilab (1988)



Hadron tensor

Wµ⌫(q
2, ⌫) =

Z
d4x

4⇡
eiq·x hN(p0)|Jµ(x)J⌫(0)|N(p)i
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Neutrino nucleus cross-section factorizes into product of lepton and hadron tensors 

=

Z
d4x

4⇡
eiq·x

X

f

hN(p0)|Jµ(x)|fi hf |J⌫(0)|N(p)i
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Below inelastic thresholds, nucleon hadron tensor 
equal to square of elastic form factors

Above inelastic thresholds, nucleon hadron tensor 
accesses sum over all intermediate states and 
could inform nuclear models of resonance, 
transition, and DIS regions

Hadron tensor calculations require inverse Laplace transform of LQCD 4pt functions, 
exploratory calculations underway using Backus-Gilbert, maximum entropy, Bayesian 
reconstruction

Jang, Liu [  QCD] PoS LATTICE2019�
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Resonance production

Exclusive     production amplitudes 
important for neutrino Monte Carlo 
event generators

     production essential for reproducing 
cross-section at energies above 
quasi-elastic region

Exploratory LQCD calculations of                      performed at heavy quark 
masses where        stable
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       resonance contributions important 
and poorly known ingredient to 
nuclear models of resonance region
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Rocco, Nakamura, Lee, Lovato, PRC 100 (2019)

Fully controlled LQCD calculations at physical point require sophisticated 
finite-volume formalism and numerical techniques for        scattering statesN⇡

<latexit sha1_base64="1JwiM2ZEkML2b8PGLQqLvYcrZ3Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwbSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU2ApHtzO/9YRK80Q+mnGKQUwHkkecUWMl/550U94rV9yqOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuyUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6DiZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/JhuAtv7xKmrWqd1GtPVxW6jd5HEU4gVM4Bw+uoA530AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/QzyOUw==</latexit>

Alexandrou et al, PRD 77 (2008)

Leinweber, Draper, Woloshyn PRD 48 (1993)
…
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Two-body currents

Two-body current effects are essential 
for reproducing         scattering data 
in shallow inelastic region

Rocco, Nakamura, Lee, Lovato, PRC 100 (2019)

⌫A
<latexit sha1_base64="gQ41dpatYhEDdrc9ZeTnLe5eEm0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukWat6F9Xaw2WlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDP7SOUA==</latexit>

A=30-50 nuclei have O(30%) smaller 
axial couplings than predicted by shell 
model with single-particle couplings 

Multi-nucleon correlations and currents 
needed to reproduce    -decay 
results from experiment

Gysbers et al, Nature Phys. 15 (2019)

�
<latexit sha1_base64="2RzZv1pXnlA68eKJA5UT8XLSt74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUsMeCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w850kG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGDWCXKg0Q67YclGUSYIJmX9OhkJzhnJqCWVa2FsJG1NNGdp8KjYEb/XlddK+qnvXdffhptZsFHGU4QzO4RI8uIUm3EMLfGAg4Ble4c1Rzovz7nwsW0tOMXMKf+B8/gDBfo6c</latexit>
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

⌫e

⌫e

⌫e

ℳpp→np(3S1) = gA(1 + S) − L1A

iCpp→np(3S1) = +

Short-distance QCD 
physics

Constraints on two-body axial currents obtained by matching 
LQCD and EFT calculations in a box with a background 
axial field

Used for exploratory LQCD determination of         Savage et al [NPLQCD], PRL 119 (2017)L1A

<latexit sha1_base64="7JTOXww6OxQg6mPprkmtEsz3QuA=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAbBKtxJRMuojYVFBPMByRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKllqghtEMmlaodYU84EbRhmOG0niuI45LQVjm6mfuuJKs2keDDjhAYxHggWMYKNlZp3vcy/mvTcslfxZkDLxM9JGXLUe+5Xty9JGlNhCMdad3wvMUGGlWGE00mpm2qaYDLCA9qxVOCY6iCbXTtBJ1bpo0gqW8Kgmfp7IsOx1uM4tJ0xNkO96E3F/7xOaqLLIGMiSQ0VZL4oSjkyEk1fR32mKDF8bAkmitlbERlihYmxAZVsCP7iy8ukeVbxq5Xz+2q5dp3HUYQjOIZT8OECanALdWgAgUd4hld4c6Tz4rw7H/PWgpPPHMIfOJ8/GJWO0w==</latexit>

Two-body currents

gAu+d( 2H )
2 gAu+d( p )

gAu+d( 3He )
gAu+d( p )

gAu-d( 3He )
gAu-d( p )

0.97

0.98

0.99

1.00

1.01

Chang et al [NPLQCD], PRL 120 (2018)

Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm LQCD calculations of A = 2-3 matrix elements 
sensitive to two-body currents performed at 
unphysically heavy quark masses

Further study of         excited states needed to 
understand discrepancies between these 
calculations and recent results using 
different interpolating operators:

NN
<latexit sha1_base64="wYvvJ2NlrSH20FIRiZdXIVME5Ms=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL55CFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbmt564NiJWjzhOuB/RgRKhYBSt9FCr9Yolt+zOQVaJl5ESZKj3il/dfszSiCtkkhrT8dwE/QnVKJjk00I3NTyhbEQHvGOpohE3/mR+6ZScWaVPwljbUkjm6u+JCY2MGUeB7YwoDs2yNxP/8zophtf+RKgkRa7YYlGYSoIxmb1N+kJzhnJsCWVa2FsJG1JNGdpwCjYEb/nlVdKslL2LcuX+slS9yeLIwwmcwjl4cAVVuIM6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx9DWI0u</latexit>

Francis et al, PRD 99 (2019) Hörz et al, arXiv:2009.11825
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Nucleon / nuclear PDFs
At very high energies, cross-sections factorize into convolutions of 

perturbative quark-and-gluon-level amplitudes and nonperturbative PDFs

Some aspects of PDFs are experimentally well-known, but others (e.g. flavor 
dependence, nuclear effects) are not

0.85 0.90 0.95 1.00 1.05 1.10 1.15
0.85

0.90

0.95

1.00

1.05

1.10

1.15

Detmold et al [NPLQCD], arXiv:2009.05522Bringewatt et al [JAM], arXiv:2010.00548

LQCD constraints can improve global 
analyses of isovector polarized PDFs

LQCD constraints can also improve 
global analyses of nuclear PDFs



Conclusions

Challenging but possible through lattice QCD + nuclear many body methods

Nucleon form factors 
Hadron tensor 
Resonance production 
Two-body currents  
PDF constraints

Describing       scattering from the Standard Model requires control of QCD 
over a wide range of scales and physics processes

⌫A

<latexit sha1_base64="lvIYZZmqiVwmGr+Q3KA3OwEPaVI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVH1atXLh1qlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDQP6OVA==</latexit>

Event generators 
Nuclear EFTs 
Spectral functions 
Nuclear PDFs 


